A smectite group mineral, mica, calcite, and pyrite are the dominant secondary minerals associated with the alteration of basalts cored at Site 321, DSDP Leg 34. The smectite has a partial trioctahedral character and is enriched in Fe2U3, MgO, and K2O, while depleted in AI2O3, Tiθ2, and CaO relative to the host basalt. The mica is dioctahedral and based on X-ray characteristics also appears to be rich in Fe2θ3 and MgO, while low in AI2O3. Isotopic evidence, as well as the absence of anhydrite and presence of late Eocene coccoliths, strongly suggest that the secondary minerals formed in response to cold seawater circulating through veins and fractures.
INTRODUCTION
Alteration products of submarine basalts have become increasingly important as a possible key to understanding subsea-floor processes. Such processes may play an important role in the genesis of sea-floor metal deposits and perhaps a role in the geochemical balance of the oceans. The fundamental question is whether the aqueous fluids of the alteration process result from primary magmatic activity, or are simply seawater which has been drawn in along fractures in the basement rock.
The reported products of submarine alteration of basalts range from low temperature assemblages of clay minerals (Melson and Thompson, 1973) to greenschist facies assemblages including albite-actinolite (Hart, 1973) , with gradations between. Other secondary minerals, such as calcite and pyrite, have also been reported (Bass et al., 1972) .
This present study is concerned with characterizing a low temperature assemblage of alteration products associated with basalts drilled from DSDP Site 321 in the Nazca plate. Alteration products at this site occur most commonly in veins and fractures which are distributed throughout the 11 meters of basement penetration and which separate large chunks of relatively unaltered basalt.
The veins in 321-14-1 through 14-3 are composed of green to bluish-green smectite in association with minor pyrite, mica, and calcite. The vein thickness varies between 1 and 10 mm, and, although all of the above minerals are found together, there are areas of local concentrations of each mineral.
Pyrite generally occurs as small crystals (20 µm) coating the edges of the large smectite-rich veins. Calcite is primarily located in holes within the smaller veins and is composed of small crystal aggregates. Mica also seems to be preferentially located in these smaller veins.
'Present address: Department of Geology, Stanford University, Stanford, California. SAMPLING AND ANALYSIS Two samples were taken from a large vein (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (70) (71) (72) (73) (74) (75) (76) (77) . The samples were scraped from the veins, lightly ground in an agate mortar, and ultrasonically disaggregated to insure complete dispersion. The ultrasonic treatment was limited to 1 hr to maintain the crystallinity of the clay minerals. The dispersed material was then size separated by centrifugation, and each size fraction was X-rayed to determine the purity of the separation. Samples 321-14-3, 14-23 cm and 321-14-3, 70-77 cm contain almost pure smectite. Separates of the smectite were used for X-ray diffraction, isotope, and chemical analyses.
Mica was found in a vein (321-14-2, 104-114 cm) containing calcite and smectite as well. It was possible to separate enough mica for X-ray diffraction and isotope analysis, but not enough for chemical analysis.
Samples of bulk vein material (321-14-1, 120-125 cm) and of the holocrystalline basalt (321-14-3, 14-23 cm) were chemically analyzied for comparative purposes. Pyrite was sampled from veins at 321-14-2, 104-114 cm and 321-14-3, 100-103 cm for analysis of sulfur isotopes.
X-ray diffraction was carried out on a Norelco X-ray diffractometer with a curved crystal monochromator employing CuKα radiation. The smectite and the mica were X-rayed in oriented mounts prepared by aspirating the clays to 0.45 µm silver filters (Hathaway, 1972) . Pretreatments such as glycolation and heating (550°C/l hr) were employed to distinguish the various phases present. Oriented powders were prepared using a planchet accentuating the b-axis direction of the smectite (Carroll, 1970) to obtain the (060) reflection. Powder camera patterns of the randomly mounted smectite and mica were obtained using a 57.3-mm Debye-Sherrer camera with Mn-filtered FeKα radiation. Chemical analyses of the smectite, bulk vein, and basalt for Fe, Mg, Ca, Na, K, and Mn were carried out by atomic absorption spectroscopy, while Al, Ti, and FeO were analyzed colorimetrically (Shapiro and Brannock, 1962; Shapiro, 1960) . Si was analyzed titrimetrically after Mclaughlin and Biskupski, (1965) . Ignition loss was determined by weight loss at 1000°C.
Sulfur isotope composition of the pyrite was determined at UCLA by techniques described in Shanks et al. (1974) . Isotopes of carbon, oxygen, and hydrogen were analyzed in the stable isotope laboratory at the California Institute of Technology. Carbon and oxygen isotopes from carbonate phases in bulk vein material (321-14-1, 120-125 cm) were determined on CO2 liberated by phosphoric acid.
Isotopes of oxygen in the silicate structure of the smectite and mica samples were analyzed according to methods of Taylor and Epstein (1962) . Isotopes of hydrogen in structural water in the smectite and mica samples were determined by techniques of Craig (1961a) , Godfrey (1962) , and Sheppard and Epstein (1970) .
DATA X-Ray Diffraction Analysis of the Clay Minerals
As shown by oriented diffraction patterns (Figure 1 ), the smectite behaves as do other smectite group minerals, expanding to 17Å upon glycolation, and contracting to 9.9-10Å upon heating at 55O°C. The pattern of untreated smectite displays a (001) reflection at 14.48Å. Data given by randomly oriented mounts of the smectite X-rayed with the powder camera are given in Table 1 . The (060) reflection was obtained by scanning the ò-orieηted planchets, and found to be 1.529Å.
The X-ray patterns of oriented mica are shown in Figure 2 . The pattern of untreated mica shows a welldefined, although slightly asymmetric (001), reflection at 10.18Å and an (003) reflection at 3.34A with an intensity equal to or slightly greater than the former. The (002) reflection is just visible. With glycolation there is no expansion of the basal spacings, indicating that there is little, if any, interlayered smectite. The low angle peak at 6.O°20 shows a shift to lower angles after glycol treatment, indicating the presence of a small amount of smectite impurity (<15%). This impurity is also suggested by the increased intensity of the mica (003), which results from the reinforcement provided by the smectite (005). The doto was determined from the powder camera data (Table 1 ) and found to be 1.514Å.
The X-ray diffraction pattern of the carbonate separated from 321-14-1, 120-125 cm was that of lowMg calcite.
Chemical Analysis
The chemical analyses of the two smectite samples (Table 2 ) indicate that they are nearly identical, being rich in MgO, Fe2θ3, and K2O, and low in AI2O3, TiCfe, CaO, SiCfc, and FeO relative to the host basalt.
The bulk vein sample contains considerable calcite, as indicated by the high value for calcium and the large ignition loss (Table 2) . Coccoliths were observed in the large smectite vein (321-14-3, 70-77 cm); however, they comprise only a small fraction of the calcite in this sample. The bulk vein is also rich in K2O and Fe2θ3 relative to the unaltered rock.
The chemical analysis of the basalt (Table 2) shows it to be an oceanic tholeiite, with moderate Tiθ2 and relatively high total iron contents. The potassium content (0.13%) and the loss on ignition (0.80%) confirm its relatively unaltered nature.
Isotope Analysis
Stable isotope analyses of the secondary minerals are listed in Table 3. The <5s 34 of the pyrite is very negative, typical of diagenetic sedimentary pyrite, while the oxygen and carbon ratios of the calcite are similar to those of normal marine calcites (Garlick, 1974) .
The smectite and mica of this study are very rich in O 18 (Figure 3) , very nearly the same as authigenic clays of the sea floor, and are isotopically quite different from sea-floor basalts and other igneous and metamorphic rocks, as well as detrital clays. These data are in agreement with those of Muehlenbachs (1974) who studied oxygen isotopes in smectites from veins recovered from Sites 319 and 321.
DISCUSSION

Smectite
A smectite group clay mineral is the dominant secondary mineral in the basalts at Site 321. A structure formula for this clay is developed around the general montmorillonite formula F2-3Z4 Oio(OH)2 (MacEwan, 1961) , where Y and Z refer to octahedrally and tetrahedrally coordinated cations, respectively, and is calculated from the data in Table 2 o.n Si3.43)4.o Oio(OH)2. All silicon and aluminum were assigned to the tetrahedral layer, and the remaining tetrahedral site deficiency was filled by ferric iron. The remaining ferric iron was then assigned to the octahedral layer, along with ferrous iron and magnesium. Potassium, calcium, and sodium were assigned to the interlayer positions in order to balance the net layer charge (-0.53) .
The cation population in the octahedral layer (2.76) implies that this mineral is not a pure trioctahedral phase, and may be partially interstratified with dioctahedral layers (Weaver and Pollard, 1973) . This partial trioctahedral character is supported by the doto of 1.529Å.
The smectite contrasts with a smectite associated with altered basalts of the Mid-Atlantic Ridge described by Melson and Thompson (1973) , in its anomalously low aluminum content (5% compared to 15% AI2O3). However, it is similar in chemistry to the saponite reported earlier by Melson et al. (1969) . Iron-rich, aluminumpoor smectites have also been described from the metalliferous sediments which overlie the basalts in the Nazca plate (Dymond et al., 1972; Bischoff and Sayles, 1972; Sayles and Bischoff, 1974) . The smectites from the metalliferous sediments, however, have significantly lower magnesium contents (<2% compared to 16% MgO), and therefore appear to be genetically unrelated.
The oxygen and hydrogen isotopic compositions of the smectites are analogous to those of authigenic silicates of marine sediments (Figure 3) , and differ markedly from those of hydrothermal and detrital smectites. These data suggest that the smectites formed by interaction of the basalt with seawater at low temperature (Garlick and Dymond, 1970; Muehlenbachs and Clayton, 1972) .
The chemical composition of the smectite compared to that of the basalt precludes a simple process of seafloor weathering. If such were the case, the aluminum and titanium contents of the alteration product would be preferentially increased relative to those of the other species, as is usual in weathering processes.
Our observations that aluminum and titanium are relatively low in the alteration product imply either that significant amounts of the other components came from seawater, or alternatively, that the smectite did not form as a simple replacement alteration, but precipitated from solution at a site removed from the source minerals of the dissolved constituents.
Considering the former possibility, the large content of magnesium in the smectite could have come from seawater. Uptake of Mg (as Mg [OHfc) would make the aluminum-titanium content appear to decrease. However, this would not explain the increased ratios of silicon and iron to aluminum in the smectite, and it is unlikely that these components were derived from seawater.
This implies, therefore, that many of the components of the smectite were transported through an aqueous phase from another site in the rock. Aluminum and titanium are less soluble than iron, magnesium, and silica, and therefore, would be relatively depleted in such an aqueous phase. The site of leaching would then be characterized by a residue enriched in aluminum and titanium.
Mica
Based on X-ray data, the mica is a IM dioctahedral polytype rich in iron and moderately enriched in magnesium, as indicated by the relative intensities of the basal reflections and the doto (Grim, 1968; Maxwell and Hower, 1968) . Its IM nature is indicated by the position of the (112) reflection (Table 1) .
Oxygen and hydrogen isotopic compositions of the mica (Figure 3 ) plot close to those of authigenic minerals formed in marine sediments, specifically within the glauconite field. Although the mica contains a small amount of smectite impurity (Figure 2 ; Table 1), this would not greatly affect the δθ 18 and δD values of the sample considering its small amount and the fact that the oxygen isotopic value of the mica falls between those of the two pure smectites. We conclude, therefore, that the mica formed under the same conditions as the smectite.
Iron-rich (Fe +3 ), aluminum-poor, dioctahedral micas can be of two varieties. The first is the mineral celadonite, commonly found in veins associated with altered igneous rocks. Bass et al. (1972) report diagenetic celadonite in volcanic rocks cored during DSDP Leg 17.
The second type of iron-rich dioctahedral mica is glauconite, which forms authigenically in near-shore marine sediments (Weaver and Pollard, 1973) .
Glauconites and celadonites have been extensively studied by Foster (1969) who concludes that the two minerals are indistinguishable chemically and structurally in many cases, and the fundamental difference appears to lie only in the environment of their formation.
Calcite and Pyrite
The isotopic compositions of the carbon and oxygen in the calcite are typical of those of low temperature sedimentary carbonates and are consistent with the compositions determined by Muehlenbachs and Clayton (1972) for carbonates from weathered submarine basalts. An isotopic temperature of 7.0°C can be computed using the data of Craig (1965) , assuming isotopic equilibrium with seawater and assuming that seawater δθ 18 was the same as today back into the Eocene. As cold seawater comes into contact with basaltic rock, Ca 2+ is leached from the basalt and the pH is increased (Seyfried, unpublished experimental data). In the small vein this reaction could significantly supersaturate the system with respect to calcite, and hence lead to its precipitation. Bischoff and Ku (1970) , and Thompson (1972) Taylor and Epstein (1962) and Sheppard and Epstein (1970) ; metamorphic rock isotopic data from Garlick and Epstein (1967) and Taylor and Epstein (1966) ; data on hydrothermal smectites (black dots) from Sheppard et al. (1969) ; data on glauconite and authigenic smectite (triangles) from Savin and Epstein (1970a) ; data on detrital illite and smectite from Savin and Epstein (1970b) ; samples from this study (+) .
explain lithified carbonate sediments found associated with sea-floor basalts. The isotopic composition of pyrite sulfur is consistent with an origin by bacterial reduction of seawater sulfate.
Conditions of Alteration
The isotopic compositions of the secondary minerals from Site 321 suggest that seawater interacted with basalt at low temperatures to form the observed alteration phases. The absence of anhydrite in Site 321 basalts, although carefully sought, also supports a low temperature environment of alteration. Anhydrite forms abundantly during seawater interaction with basalt at temperatures greater than 100°C. This has been demonstrated experimentally (Bischoff and Dickson, 1975) and has also been observed at the Reykjanes geothermal field, Iceland. Tomasson and Kristmannsdottir (1972) have carried out detailed sampling of drill cores penetrating different thermal zones through this active basalt-seawater system. Anhydrite is notably absent in the upper "cold" zone where the temperatures of the system are approximately 60°C and less. At the higher temperatures in the deeper zones, SO4 = is almost quantitatively removed from the aqueous phase, and anhydrite becomes a dominant alteration mineral phase.
Cold seawater circulation is further evidenced by the presence of upper Eocene coccolith tests in the vein material (Figure 4) . The assemblage includes Discoaster saipanensis, Reticulofenestra bisecta, and Discoaster barbadiensis, identified by J. McRaney (personal communication, 1974) and defines an age of about 40 m.y., which is discordant with the 22-m.y. age determined by K-Ar for these rocks (Corliss and Dymond, 1974) . Although serious consideration was given to the possibility that the coccolith tests were contaminants, the fact that many were partially covered by the smectite, and that they represent a homogeneous age grouping, implies to us that they were introduced during the alteration process.
